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 Absolute bond dissociation energies of water to sodium cysteine (Cys) cations and 
cysteine to hydrated sodium cations are determined experimentally by collision-induced 
dissociation of Na+Cys(H2O)x, where x = 1 – 4, complexes with xenon in a guided ion beam 
mass spectrometer. Experimental results show that the binding energies of water and cysteine to 
the complexes decrease monotonically with increasing number of water molecules. Quantum 
chemical calculations at three different levels show reasonable agreement with the experimental 
bond energies.  The calculations indicate that the primary binding site for Na+ changes from 
charge-solvated tridentate chelation at the amino nitrogen, carbonyl oxygen, and sulfur side-
chain for x = 0 and 1 to the C terminus of zwitterionic cysteine for x = 4, whereas different levels 
of theory provide conflicting predictions for x = 2 and 3.  The first solvent shell of Na+Cys is 
found to be complete at four waters.  This is fewer than needed for the aliphatic amino acid 
glycine, because the functionalized side-chain of Cys provides an internal solvation site, a 
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The structures of biological macromolecules in aqueous solution are stabilized by their 
interactions with water and ions, such as Na+ and K+.1,2 In addition, alkali metals are known to 
play an important role in biological systems, including modulating enzyme activity3 and are key 
components in maintaining the cell membrane potential.4 The overall thermodynamic outcome of 
the multitude of these interactions potentially can be understood by careful examination of the 
intrinsic interactions on a pairwise basis. Gas-phase studies provide a means to quantitatively 
assess these interactions in systems small enough for meaningful comparisons to theory, thereby 
also providing benchmark data for larger, less experimentally tractable systems.  
In an aqueous environment, all amino acids (AAs) are in their zwitterionic form, yet in 
the gas phase, their uncharged tautomers are intrinsically more stable. The stabilities of amino 
acids, small peptides, and their analogues when complexed with alkali metal cations in the gas 
phase have been studied extensively in the past decade both experimentally and theoretically.5-31 
These interactions are mainly electrostatic and therefore the strength decreases with increasing 
size of the alkali metal ion and increases with chelation by functionalized side chains.31-33 
Although the presence of a metal cation significantly decreases the energy gap between the 
zwitterionic and charge-solvated forms of metalated complexes, in many cases, the charge-
solvated form of the metallated amino acid is still preferred. An interesting question that arises in 
this context is how many water molecules are needed such that the zwitterionic form becomes 
the ground state.   
Much less work exists for interactions of metallated biological systems when solvated 
with water. William’s group investigated the hydration of metalated valine (Val) using black-
body infrared radiative dissociation (BIRD). They find that the interaction between water and 
metalated valine also decreases with the size of the alkali metal ion and that the second hydration 
energy is weaker than the first.34-37 Equilibrium-based methods such as BIRD are generally 
limited in the range of systems that can be easily studied, whereas the threshold collision-
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range.  Indeed, we have used TCID experiments to determine a monotonic decrease of water 
binding energies with increasing number of water molecules for the Na+Gly(H2O)x system, x = 1 
 4, Gly = glycine.38,39 Because valine and glycine are aliphatic / hydrophobic amino acids, they 
behave similarly in the gas phase when ionized by a sodium ion, leading to comparable water 
binding energies. The sodium ion favors [N,CO] coordination to nonzwitterionic Val and Gly 
(charge-solvated structures), but changes to CO coordination when hydrated by two or more 
water molecules.17,34,36,38,39 Calculations on the hydrated sodium cation Val and Gly systems 
show that charge-solvated structures are still favored with 3 and 4 water molecules, respectively, 
whereas zwitterionic forms are favored in aqueous solution.   
Changes are expected for hydration of Na+Pro, where Pro = proline, because the 
secondary amine group of proline makes it more basic than most other amino acids. Thus 
experiments and calculations show that sodium cation binds to the carboxylate acid group of 
zwitterionic proline.10,18,21,24,39 Williams and co-workers investigated the hydration of sodiated 
proline analogues determining the first hydration energy of Na+–Me–Pro.40  In our laboratory, 
TCID experiments were used to determine the first four hydration enthalpies and computations 
showed that the proline remains zwitterionic, with the first solvent shell of Na+Pro being 
essentially complete at four waters.38,39 
In the present studies, the absolute bond dissociation energies (BDEs) of water to sodium 
cysteine cation and cysteine (Cys) to hydrated sodium cations are measured using competitive 
TCID methods. Complementary structural information about these systems is obtained by 
theoretical studies.  Unlike Val, Gly, or Pro, the functionalized side-chain of Cys provides an 
intramolecular site for solvating the alkali metal cation, which may facilitate zwitterion 
formation by stabilizing the protonated amine group, such that differences in the binding patterns 
are anticipated.  In this respect, we believe that the present results should be models for most 
amino acids having functionalized side chains.  This is the first study to characterize the 
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2. Experimental and Computational Section 
2.1 General Experimental Procedures 
The instrument used to measure the cross sections for TCID of the hydrated sodium 
cysteine cation complexes is a guided ion beam tandem mass spectrometer (GIBMS), described 
previously in detail.41-43 Sodium ions are generated in the ion source using a continuous direct 
current glow discharge where the cathode is a tantalum boat filled with sodium metal and the 
surrounding source chamber is grounded. Typical operating conditions of the discharge are 1.6  
2.2 kV and 15  25 mA. The sodium cations (Na+) produced are carried by a flow of inert buffer 
gas (~ 10% Ar in He) through a 1 m long flow tube at a rate of 4000  9000 standard cm3/min 
(sccm). At 10 cm downstream from the discharge, the neutral cysteine ligand is introduced using 
a temperature controllable heated probe (120  160 C). Water vapor at room temperature is then 
introduced about 50 cm from the discharge through a pressure control valve. The complex ions 
of interest are formed via three-body associative reactions of Na+ with the cysteine and water 
ligands in the flow of He/Ar gas. The complex ions are thermalized to 300 K (the temperature of 
the flow tube) both vibrationally and rotationally by undergoing ~105 collisions with the buffer 
gases in the 1 meter long flow tube at a pressure of 0.3  0.9 Torr.44-47 Therefore, the 
rovibrational internal energies of all complex ions when exiting the flow tube can be described 
by a Maxwell-Boltzmann distribution at 300 K. After exiting the flow tube, the ionic complexes 
are focused into a 66 magnetic momentum analyzer that selects a particular Na+Cys(H2O)x 
complex, where x = 1  4.  The ions are decelerated to a well-defined and variable kinetic energy 
and injected into a radio frequency double octopole ion beam guide,41,43,48,49 which passes 
through a collision cell (8.3 cm effective length) containing the neutral reactant (here, Xe gas).  
The octopole serves to radially trap all unreacted complex ions and product ions formed by 
reactions with the neutral gas. Ions are extracted from the end of the octopole, mass analyzed by 
a quadrupole mass filter, and efficiently detected with a 27 kV conversion dynode-secondary 
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 Ion intensities, measured as a function of collision energy, are converted to absolute cross 
sections as described previously.41 The absolute uncertainties in cross section magnitudes are 
estimated to be  20% and the relative uncertainties are approximately  5%. Laboratory (lab) 
energies are converted to center-of-mass (CM) energies using the equation ECM = ElabM/(M + 
m), where M and m are the reactant neutral and ion masses, respectively. All energies cited 
below are in the CM frame unless otherwise noted. The absolute energy scale and the 
corresponding full width at half-maximum (fwhm) of the ion beam kinetic energy distribution 
are determined by using the octopole as a retarding energy analyzer.41 The energy spread is 
nearly Gaussian and has a typical fwhm of 0.2  0.4 eV (lab) in the present experiments.  
 Because of the effects of multiple collisions,51 we observe a slight dependence on Xe 
pressure for the cross section of the first dissociation product and an obvious dependence for the 
secondary and higher products. In order to obtain data free from such effects (i.e., at rigorously 
single-collision conditions), we collected data at about 0.04, 0.08, and 0.15 mTorr.  The cross 
sections are then extrapolated to zero reactant pressure prior to threshold analysis, as described 
previously.51 
2.2. Dissociation Threshold Analysis 


















                     (1)
where 0, j is an adjustable scaling parameter for channel j, n describes the energy deposition 
efficiency during collision,43 E is the relative kinetic energy, E0,j represents the CID threshold 
energy at 0 K for channel j, 	 is the experimental time for dissociation (~ 5  10-4 s in the 
extended dual octopole configuration as measured by time-of-flight studies43),  is the energy 
transferred from translation into internal energy during the collision, and E* is the internal 
energy of the energized molecule (EM) after the collision, i.e., E* =  + Ei. The summation is 
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where gi = 1, where a Maxwell-Boltzmann distribution at 300 K is assumed.  The term kj(E*) is 
the unimolecular rate constant for dissociation to channel j. This rate constant and ktot(E*) are 
defined by Rice-Ramsperger-Kassel-Marcus (RRKM) theory as in eq 2,54 
                     
j j
jjjjtot EhEENdEkEk *)(/)*(*)(*)( ,0
†                                      (2) 
where dj is the reaction degeneracy (defined using the ratios of rotational symmetries of reactants 
and products), )*( ,0
†
jj EEN   is the sum of rovibrational states of the transition state (TS) for 
channel j at an energy E* – E0, j, and  (E*) is the density of states of the EM at the available 
energy, E*.  Vibrational frequencies and rotational constants needed to determine the internal 
energy distributions of the ionic reactants are taken from the quantum chemical calculations 
detailed in the next section. The Beyer-Swinehart-Stein-Rabinovitch algorithm55-57 is used to 
evaluate the number and density of the rovibrational states.  
The model of eq 1 explicitly utilizes RRKM theory to estimate the kinetic shift associated 
with the possibility that energized molecules may not dissociate during the time scale of the 
experiment.52 To evaluate the rate constants in eq 2, sets of rovibrational frequencies for the EM 
and all TSs are required. Because the metal ligand interactions in Na+Cys(H2O)x are mainly 
electrostatic (ion-dipole, ion-quadrupole, and ion-induced dipole interactions), the most 
appropriate model for the TS is a loose association of the ion and neutral ligand fragments. 
Therefore, the TSs are treated as product-like, such that the TS frequencies are those of the 
dissociation products. The molecular parameters needed for the RRKM calculation are taken 
from the quantum chemical calculations detailed in the next section. The transitional frequencies 
are treated as rotors, a treatment that corresponds to a phase space limit (PSL), as described in 
detail elsewhere.52,53 For Na+Cys(H2O)x complexes, the five transitional mode rotors have 
rotational constants equal to those of the Na+Cys(H2O)x-1 and H2O products or Na+(H2O)x and 
cysteine products. The two-dimensional (2-D) external rotations are treated adiabatically but 
with centrifugal effects included.58 In the present work, the adiabatic 2-D rotational energy is 
treated using a statistical distribution with an explicit summation over all possible values of the 
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The model cross section of eq 1 is convoluted with the kinetic energy distribution of the 
reactants41 and compared to the data. A nonlinear least-squares analysis is used to provide 
optimized values for 0,j, E0,j, and n. The uncertainty associated with E0,j is estimated from the 
range of threshold values determined from different data sets with variations in vibrational 
frequencies ( 10% and a factor of two for the M+–L modes) and in the parameter n, variations in 
	 by a factor of 2, and the uncertainty in the absolute energy scale, 0.05 eV (lab).  Final 
optimized BDEs at 0 K are obtained by making two assumptions. First, there is no activation 
barrier in excess of the reaction endothermicity for the loss of ligands, which is generally true for 
ion-molecule reactions, especially those such as the heterolytic bond cleavages considered 
here.59 Second, the measured threshold E0,j for dissociation is from ground state reactant to 
ground state ion products and neutral H2O or cysteine ligands. Given the relatively long 
experimental time frame (~5  104 s), energized complexes should be able to rearrange to low-
energy product conformations upon dissociation. 
2.3. Computational Details 
The systems we examine here have many low-lying conformations. A simulated 
annealing procedure using the AMBER program and the AMBER forcefield based on molecular 
mechanics60 was used to search for possible stable structures in each system’s conformational 
space. All possible structures identified in this way were further optimized using NWChem.61 at 
the HF/3-21G level.62,63 Unique structures for each system that are within about 30 kJ/mol of the 
lowest energy structure (30 – 50 for each complex) were further optimized using Gaussian 
03W64 at the B3LYP/6-31G(d) level65,66 with the "loose" keyword to facilitate more rapid 
convergence (maximum step size of 0.01 au and an rms force of 0.0017 au). The 15 to 30 lowest 
energy structures obtained from this procedure were then chosen for higher-level geometry 
optimizations and frequency calculations using density functional theory (DFT) at the B3LYP/6-
311+G(d,p) level.67,68 When used in zero-point vibrational energy (ZPE) corrections, internal 
energy determinations, or for RRKM calculations, these vibrational frequencies are scaled by 
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and B3LYP calculations using a 6-31G(d,p) basis set gave almost identical structural and energy 
information.38 Therefore, MP2(full)/6-311+G(d,p) geometry optimizations were not performed 
for the present systems. Single point energy (SPE) calculations were carried out for these 
optimized structures at the B3LYP, B3P86, and MP2(full) levels using the 6-311+G(2d,2p) basis 
set.67 Basis set superposition errors (BSSE) for all theoretical bond energies were estimated using 
the full counterpoise (cp) method in Gaussian 03W.64,70 Previous work17,38,71,72 indicates that cp 
corrections on alkali metal systems are generally small for DFT calculations and we find this to 
be true here as well. Both B3LYP and B3P86 SPE calculations have cp corrections less than 5 
kJ/mol whereas they are 7 – 20 kJ/mol for the MP2(full) SPE calculations. 
 
3. Results   
3.1.Cross Sections for Collision-Induced Dissociation 
Experimental cross sections were obtained for the interaction of Xe with Na+Cys(H2O)x, 
x = 1  4. Fig. 1 shows representative data for CID of these complexes. Over the energy ranges 
examined, the dominant dissociation process for all Na+Cys(H2O)x complexes is the loss of one 
water molecule in reaction 3. 
Na+Cys(H2O)x + Xe    Na+Cys(H2O)x-1 + H2O + Xe                               (3) 
The magnitudes of the cross sections for losing one water molecule from Na+Cys(H2O)x increase 
from x = 1 to x = 3, roughly in proportion to the number of waters.  For x = 4, the cross section is 
relatively small, which may indicate a different water binding pattern for the fourth water 
compared to the first three. The primary cross sections rise rapidly at low energy, level off, then 
generally decline at higher energies because of further dissociation of the primary product, as 
indicated by subsequent losses of water molecules to form Na+Cys(H2O)y, y = 1 –  3. The 
absolute intensities of the reactant ion beams were found to decrease with increasing solvation 
such that our sensitivity for CID of Na+Cys(H2O)4 is relatively poor, leading to the noisier cross 
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In addition to reaction 3, loss of the cysteine ligand is observed in the competitive 
reaction 4 at higher energies in all cases. 
Na+Cys(H2O)x + Xe    Na+(H2O)x + Cys + Xe                                            (4) 
The Na+(H2O)x cross sections are much smaller than those of the Na+Cys(H2O)x-1 products. They 
rise more slowly than those for losing water and have apparent thresholds that are more than 0.8 
eV higher. This indicates that the interaction of Na+ with cysteine is stronger than that with H2O, 
consistent with previous measurements, D0(Na+Cys) = 177 ± 5 kJ/mol and D0(Na+H2O) = 98 
± 8 kJ/mol.30,73 Loss of water molecules from the Na+(H2O)x products eventually forming Na+ 
were also found for x = 1 – 3.  Such products were not collected for x = 4 because of the lower 
sensitivity.  In no system was a ligand exchange process forming a Xe containing ion observed. 
3.2. Theoretical Results 
As described above, multiple low energy structures of Na+Cys(H2O)x were optimized at 
the B3LYP/6-311+G(d,p) level of theory. The optimized structures of the lowest energy 
conformers are displayed below with additional structures illustrated in Fig. S1 of the supporting 
information. The single point energy values including zero point energy (ZPE) corrections 
calculated at three different levels of theory relative to the lowest energy isomer are given in 
Table 1 (with a more complete table included in the supporting information, Table S1).  
To identify the structures of the complex, we start with the nomenclature established 
previously for Na+Gly,17,22,30 where the notation in brackets describes the metal binding sites for 
each conformer.  The xW before the brackets indicates the number of water molecules attached 
to Na+Cys, and the notation in brackets after xW indicates the water binding site unless the water 
molecule simply binds to the sodium ion through the oxygen atom of water.  The specification of 
the metal binding sites is followed by a description of the cysteine orientation given by a series 
of four dihedral angles.  These dihedral angles start with the carboxylic acid hydrogen atom (or 
analogous proton attached to the NH2 group for zwitterionic structures) to define the HOCC 
dihedral angle and proceed along the molecule to the terminal hydrogen of the amino acid side 
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gauche for angles between 50 and 135, and t = trans for angles > 135).  Among these, there 
exist pairs of structures that involve different orientations of the sulfur hydrogen relative to the 
cysteine backbone (g+ or g– in the CCSH dihedral angle), which show little energy difference (~ 
2 – 5 kJ/mol). Generally, we discuss and show only the lower energy conformer of each pair. 
Several important geometric parameters for the Na+Cys(H2O)x complexes are provided in the 
supporting information, Table S2. For comparison purposes, we optimized the low energy 
structures of Na+Cys and determined relative SPEs at the same levels of theory used here, and 
include these results in Tables 1 and S2 as well.  These results are virtually identical to those 
reported previously.30 
3.3. Na+Cys and Na+Cys(H2O) 
As reported elsewhere for Na+Cys,10,19,30 Na+ favors [N,CO,S] tridentate coordination to 
nonzwitterionic cysteine in the gas phase. The current calculations yield the same results, with 
[N,CO,S]-tggg+ being the ground state (GS) structure, with a tggg variant (in which the HS 
bond points in the opposite direction away from the COOH group) only 3 – 5 kJ/mol higher, 
Table 1.  A bidentate [N,CO]-tcgg+ conformer is 14 – 16 kJ/mol higher than the GS.  The lowest 
zwitterionic structure, [CO2]-ctgg+, is predicted to be 7  12 kJ/mol higher in energy than the 
GS (with a ctgg variant lying 4 – 5 kJ/mol higher). Its charge-solvated analogue, [COOH]-ctgg+, 
lies another 16 – 17 kJ/mol higher (with its ctgg variant being essentially isoenergetic).  The 
transition state (TS) connecting these two structures actually lies below the [COOH] structure 
once zero point energies are included (Table 1), indicating that [COOH] should collapse to its 
zwitterionic analogue.  Higher energy structures (>21 kJ/mol above the GS) were also located 
having [N,OH,S] and [CO,S] binding configurations, but these are never found to be among the 
lowest energy conformers of the hydrated complexes.   
For Na+Cys(H2O), all levels of theory (Table 1) predict the same GS, a charge-solvated 
isomer in which the water molecule attaches directly to Na+ in the GS conformer of Na+Cys to 
form 1W[N,CO,S]-tggg+, such that the metal ion is four coordinate, Fig. 2. As for Na+Cys, the 
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5 kJ/mol higher. The two charge-solvated bidentate structures, 1W[N,CO]-tcgg and 1W[N,CO]-
tgtg are 10  17 kJ/mol above the tridentate structures, 1 – 5 kJ/mol more stable than the 
difference between the bidentate and tridentate structures for Na+Cys.  The water can also bind to 
the hydroxyl group rather than Na+, forming 1W[HO]-[N,CO,S]-tggg+, but this structure lies 13 
– 19 kJ/mol higher in energy.  
The lowest zwitterionic structure, 1W[CO2]-ctgg+, lies 5  12 kJ/mol higher than the GS, 
with a variant, 1W[CO2]-ctgg, lying 5 – 6 kJ/mol higher still, similar to the relative energies 
observed for Na+Cys.  An alternative zwitterionic structure, 1W[bO]-[CO2]-ctgg+, positions the 
water molecule such that it bridges between the sodium cation and the oxygen of the carboxylate 
group that is bound to the NH3+ group, Fig. 2.  The water can also bridge to the other oxygen, 
forming 1W[bCO]-[CO2]-ctgg+.  These two conformers lie 4 – 7 and 10 – 13 kJ/mol, 
respectively, above 1W[CO2]-ctgg+.  We also located a zwitterionic structure in which the water 
molecule binds to the NH3+ group, 1W[HN]-[CO2]-ctgg+, but this lies 17 – 20 kJ/mol above the 
zwitterionic conformer where the water binds to the sodium cation.   
The charge solvated analogue of the lowest zwitterionic structure is 1W[COOH]-ctgg+, 
which lies 9 – 10 kJ/mol higher in energy.  Likewise the 1W[bOH]-[CO]-ctgg+ structure lies 7 – 
8 kJ/mol above its zwitterionic analogue, 1W[bO]-[CO2]-ctgg+, with its ctgg variant within 
0.5 kJ/mol.  We also located the TS for proton motion between the nitrogen in the 1W[CO2]-
ctgg+ structure and the oxygen in the 1W[COOH]-ctgg+ structure.  This TS lies 3 kJ/mol below 
the latter structure after zero point energy corrections are included at the B3P86 level and about 1 
– 2 kJ/mol above at the B3LYP and MP2 levels (Table 1).  Thus, the [COOH] structure is 
stabilized by 2 – 3 kJ/mol by the addition of the water ligand.   
In most of these structures, the addition of one water molecule to Na+Cys has little effect 
on the original binding pattern of Na+Cys (evident by nearly the same Na+OC bond angles and 
Na+OCC and NCCO dihedral angles, Table S2). However, the binding distances between the 
metal ion and oxygen, nitrogen, and sulfur atoms are elongated slightly (by 0.01 – 0.04 Å) 
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electrostatic interaction with cysteine.  Exceptions to this behavior include structures involving a 
bridging water, which allows the sodium ion to get closer to the carboxylate or carbonyl oxygen 
(by up to 0.07 Å) and permits more linear NaOC bond angles (116  133 versus 89  98 in 
Na+Cys).  However, because the sodium cation no longer interacts directly with both oxygens as 
it does in 1W[CO2]-ctgg+, these bridging structures are higher in energy, Table 1 and Fig. 2.  
Structures in which the water binds to either the HO or HN site also exhibit small decreases in 
the sodium cation binding distances (0.01 – 0.02 Å), presumably because the water donates 
electron density to the ligand.  
3.4. Na+Cys(H2O)2
2W[N,CO,S]-tggg+ is predicted to be the ground conformer by the MP2(full) method 
(with the tggg– variant still 4 – 6 kJ/mol higher), whereas the B3P86 approach predicts a 
zwitterionic 2W[bO]-[CO2]-ctgg+ GS, Fig. 3 (with ctgg– and cgtg variants 4 – 6 kJ/mol higher).  
B3LYP suggests these structures are isoenergetic (with the latter only 0.004 kJ/mol higher in 
energy).  These structures can be regarded as further hydration of the sodium ion in 
1W[N,CO,S]-tggg+ and 1W[bO]-[CO2]-ctgg+, respectively.  Note that the second water 
stabilizes this bridging zwitterionic conformer by 10 – 16 kJ/mol compared to the charge-
solvated tridentate structure, which we believe is largely a consequence of the five-coordinate 
sodium cation in 2W[N,CO,S] being sterically crowded.  This conclusion is substantiated by 
noting that another low-lying structure is 2W[HO]-[N,CO,S]-tggg+ (Fig. 3). This species lies 
about 3 kJ/mol below (B3P86) to 6 kJ/mol above (MP2) the 2W[N,CO,S]-tggg+ conformer, a 
stabilization of 13 – 18 kJ/mol compared to the analogous single water complexes.  Thus, 
addition of the second water to the HO site (such that the complex retains four-coordinate Na+) is 
thermodynamically competitive with addition at the Na+ site yielding a sterically-crowded five-
coordinate Na+.  The bidentate 2W[N,CO]-tcgg structure is stabilized by 3 – 7 kJ/mol by the 
addition of the second water, presumably because the solvation shell of Na+ is better satisfied by 
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Another low-lying structure is 2W[bOH]-[CO]-ctgg+ (with the ctgg variant within 1 
kJ/mol and a cgtg variant about 3 – 5 kJ/mol higher), which all three levels of theory indicate lies 
only 2 – 3 kJ/mol above its zwitterionic analogue, 2W[bO]-[CO2]-ctgg+.  A zwitterionic variant 
where one water bridges to the carbonyl oxygen rather than the oxygen that is hydrogen-bound 
to NH3+ is 2W[bCO]-[CO2]-ctgg+, which theory locates 6 – 7 kJ/mol higher than the lowest 
energy zwitterion, the same difference observed for the 1W complexes.  Binding one water 
directly to the NH3+ site results in a structure, 2W[HN]-[CO2]-ctgg+ (Fig. S1), lying 7 – 9 
kJ/mol higher than 2W[bO]-[CO2]-ctgg+.  (Here, the ctgg variant lies another 5 – 7 kJ/mol 
higher.)  If instead the second water is bridging, 2W[HN,bO]-[CO2]-ctgg+ (Fig. S1), the energy 
increases another 4 – 7 kJ/mol (with the ctgg– variant another 5 kJ/mol higher).  The water can 
also bridge from Na+ to the thiol side chain, forming 2W[bOH,bS]-[CO]-ctgt (Fig. S1). This 
species lies 12 – 15 kJ/mol above the lowest energy zwitterion, with its zwitterionic analogue, 
2W[bO,bS]-[CO2]-cggt, another 16 – 18 kJ/mol higher.   
The transition state connecting the GS zwitterion, 2W[bO]-[CO2]-ctgg+, with its 
charge-solvated analogue, 2W[bOH]-[CO]-ctgg+, is 3 – 4 kJ/mol above the latter structure when 
ZPE corrections are included at the B3LYP and MP2 levels (~7 kJ/mol for the ctgg– variant), but 
1.4 kJ/mol below at the B3P86 level (0.6 kJ/mol above for ctgg–).  All three levels agree that the 
energy variation among these ctgg structures is small (<6 kJ/mol for ctgg+ and <10 kJ/mol for 
ctgg–).   
Addition of the second water molecule to the Na+ site increases the sodium-ligand bonds 
rather uniformly by 0.03 – 0.05 Å, when retaining the binding pattern of Na+ to Cys.  As for 
addition of a single water, if the second water binds in a bridging position or to the HO or HN 
positions, then the sodium-ligand bonds decrease by 0.01 – 0.07 Å.  Other geometric variations 
follow the same patterns noted above for the 1W complexes.   
3.5. Na+Cys(H2O)3
For the three water complex, the lowest energy tridentate structure is 3W[HO,bCO]-
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water.  Although low-lying, the tridentate structure is no longer the lowest energy conformer, 
lying 1 – 8 kJ/mol above the GS, which is predicted differently by each level of theory.  MP2 
and B3LYP calculations find a 3W[bOH,bS]-[CO]-ctgt GS in which the sodium cation is 
tetracoordinate, binding to the Cys carbonyl and three waters with one water bridging to the 
hydroxyl group and another water bridging to the thiol group.  This species can be thought of as 
addition of a water bridging to the HS of the 2W[bOH]-[CO]-ctgg conformation.  B3P86 
calculations also find this structure to be low-lying, 3 kJ/mol above the GS, Table 1.  Notably, 
this charge-solvated structure does not have a direct zwitterionic analogue, as moving the proton 
from OHN to OHN forms 3W[bO,bW]-[CO2]-ctgg–, 10 – 14 kJ/mol higher in energy, in 
which the hydrogen bond to the thiol group has been replaced by a hydrogen bond between two 
of the water molecules.  The TS connecting these two structures lies 1.5 kJ/mol below (MP2) to 
3 kJ/mol above (B3LYP) the zwitterion.   
Addition of a water molecule to the Na+ or HN sites of 2W[bO,bW]-[CO2]-ctgg+, leads 
to two low energy zwitterions.  3W[HN,bO]-[CO2]-ctgg+ (Fig. 4), which B3P86 indicates is the 
GS, is only 1 – 5 kJ/mol lower than 3W[bO,bW]-[CO2]-ctgg+, illustrating a near isoenergetic 
competition between the Na+ and HN hydration sites.  For the former zwitterion, the proton 
motion leads to the charge-solvated form, 3W[HN,bOH]-[CO]-ctgg+, which is 20 – 22 kJ/mol 
above the zwitterion.  These species have a connecting TS lying 2 – 7 kJ/mol below the charge-
solvated structure once zero point energies are included, indicating the charge solvated form will 
collapse to the zwitterion.  For the 3W[bO,bW]-[CO2]-ctgg+ zwitterion, the charge-solvated 
analogue, 3W[bOH]-[CO]-ctgg+ is the B3LYP GS and lies 2 – 5 kJ/mol lower in energy.  Their 
connecting TS lies 0 – 4 kJ/mol above the zwitterionic form.   
With three water molecules, all low-lying structures (<30 kJ/mol) have at least one 
bridging water ligand and binding to the HO or HN positions is comparable in energy to binding 
to the sodium cation.  Trends in the bond distances noted above for the 1W and 2W complexes 
continue here.  Several other structures were also located as listed in Tables 1 and S1 and lie 4 – 
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3W[bS,bCO,bW]-[N,CO]-tggg+, Fig. 4, are not well characterized by theory, with the third water 
stabilizing such structures by 1 – 5  kJ/mol at the B3LYP and MP2 levels and having no effect at 
the B3P86 level.   
3.6. Na+Cys(H2O)4
By the time the fourth water molecule is added to the Na+Cys complex, the system is 
completely saturated.  All three levels of theory agree that the lowest energy structure is the 
zwitterionic 4W[HN,bO,bW]-[CO2]-ctgg+, Fig. 5 and Table 1.  (Variants, cgtg– and ctgg–, lie 4 
– 6 and 6 – 8 kJ/mol higher in energy, respectively.) Here the NH3+ site hydrogen bonds to the 
carboxylate, the thiol group, and a water such that it is fully solvated.  The Na+ site is 
tetracoordinate, binding to a carboxylate oxygen and three water molecules, one of which 
bridges to the carboxylate and one to another water ligand.  The charge-solvated analogue of this 
complex, 4W[HN,bOH]-[CO]-ctgg+, lies much higher in energy, by 16 – 19 kJ/mol, with the TS 
connecting them 0 – 5 kJ/mol lower after zero point energy corrections, Table 1 and S1.  Thus 
this charge-solvated structure collapses to the zwitterion at thermal energies.  The lowest-lying 
charge-solvated conformation, only 0.2 – 3.4 kJ/mol above the GS, is 4W[bOH,AA]-[CO]-ctgg+, 
in which the fourth water molecule (which we designate as an acceptor-acceptor, AA) binds in a 
second solvent shell to two waters that are bound directly to Na+.  (A cgtg– variant lies 4 – 5 
kJ/mol higher.)  The zwitterionic analogue of this complex, 4W[bO,AA]-[CO2]-ctgg+, lies 4 – 
6 kJ/mol higher in energy.  Other structures listed in Tables 1 and S1 generally follow the same 
patterns noted above.  In the case of the 4W[HN-bW,bO,AD]-[CO2]-cgtg complex, lying 4 – 
10 kJ/mol above the GS, one water binds to the HN position while bridging to a water bound to 
Na+ (Fig. 5).  This latter water also hydrogen bonds to the water bridging Na+ and the 
carboxylate, such that it has both an acceptor and donor interaction (AD) with other water 
ligands.  Similarly, in two 4W[HN-bO,bO,bW]-[CO2]-cgtg structures, lying 6 – 10 kJ/mol 
above the GS, a water bound to the NH3+ group bridges to a carboxylate oxygen.  There are two 
nearly isoenergetic variants in which the HN-bO and bW waters bind either on the same side of 
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The lowest energy isomer in which Na+ retains a bond to the amine is 
4W[HO,bS,bCO,bW]-[N,CO]-tggg+.  Again the sodium cation is five-coordinate and there are 
extensive bridging interactions.  Moving the water bound to the hydroxy group to the sodium, 
forming 4W[bS,bCO,bHN,bW]-[N,CO]-tggg+ (Fig. S1), increases the energy by 3 (MP2) to 12 
(DFT) kJ/mol because the sodium cation is now six-coordinate, and the cysteine distorts to 
accommodate such a crowded coordination, Table S2.  The final structure shown in Fig. 5, 
4W[AA-bCO]-[CO2–]-ctgg+, shows another interesting binding motif in which the second 
solvent shell water (AA) bridges to the carboxylate, which again allows for a relatively short 
Na+-OC bond length, Table S2.  This structure lies 10 – 12 kJ/mol above the GS.   
3.7. Relative free energies at 298 K 
In considering what species are formed in our thermal ion source, the relative 298 K free 
energies are more relevant than 0 K enthalpies.  Conversion of the calculated 0 K energies to 298 
K free energies is accomplished using the rigid rotor/harmonic oscillator (RR/HO) 
approximation and the frequencies calculated at the B3LYP/6-311+G(d,p) level.  These relative 
G298 values are also reported in Table 1. It should be recognized that for floppy systems such as 
those examined here, the use of the RR/HO approximation for all modes may be inaccurate as 
many of the water ligands have torsional modes that would be better represented as hindered or 
free rotors.  An accurate estimate of such motions is beyond the scope of the present study.   
For the x = 0 and 1 complexes, the GS species determined at 0 K remain the ground states 
at 298 K, such that the tridentate [N,CO,S] structures should dominate the species formed.  For 
the x = 2 complexes, 2W[N,CO,S] remains the 298 K GS at the B3LYP and MP2 levels, but the 
B3P86 GS changes from 2W[bO]-[CO2] to the charge-solvated 2W[bOH]-[CO]-ctgg–, which is 
also low-lying at the B3LYP level (but 9.8 kJ/mol above the GS at the MP2 level), Table 1.  The 
B3P86 GS changes because these two conformers show a modest difference in G298 H0 (~5 
kJ/mol), which primarily reflects the fact that zwitterionic structures have higher vibrational 
frequencies than analogous charge-solvated structures, presumably because of the more highly 
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much more restricted motions than non-bridged waters.  For example, there are two 2W[HN]-
[CO2] structures that drop considerably in 298 K free energy because neither water is bridging.   
For the x = 3 complexes, the 3W[bOH,bS]-[CO] structure (the 0 K B3LYP and MP2 GS) 
increases considerably in 298 K free energy because two of the water ligands are bridging.  With 
only one bridging ligand, 3W[HO,bCO]-[N,CO,S] becomes the MP2 298 K free energy GS.  At 
the two DFT levels of theory, the 298 K free energy GS becomes the 3W[bOH]-[CO] conformer, 
which is also low in free energy at the MP2 level, Table 1.  For the x = 4 complexes, the G298 
H0 difference for the 0 K GS, 4W[HN,bO,bW]-[CO2], is relatively low such that it remains 
the 298 K free energy GS at all three levels of theory.  The only complex with an appreciably 
smaller G298 H0 value is 4W[HN,bOH]-[CO], with only a single bridging water; however, 
this species has a sufficiently high H0 (16  19 kJ/mol) that it remains relatively high lying at 
298 K (8  11 kJ/mol), Table S1.   
3.8. Threshold Analysis and Results 
We have shown previously24,53,74 that the best measurements of the thresholds for 
competitive dissociation processes come from the simultaneous analysis of the cross sections. In 
general, the apparent threshold for the higher energy process is elevated from its thermodynamic 
value because of competition with the lower energy channel. In the present Na+Cys(H2O)x 
systems, the competitive model of eq 1 was used to analyze the competitive processes 3 and 4 for 
Na+Cys(H2O)x systems with x = 1 – 4.  Fig. 1 shows that all experimental cross sections for 
reactions 3 and 4 are reproduced well by eq 1 over energy ranges exceeding 3 eV. The optimized 
parameters of eq 1 are reported in Table 2 along with results from previous work on CID of the 
Na+Cys complex.30  
In previous studies of competitive dissociations,38,53,74 we found that independent scaling 
factors (different values of 0,j for each channel) are sometimes needed in order to reproduce the 
experimental data when using the competitive analysis. The use of independent scaling factors 
compensates for neglected factors, such as reaction degeneracies, symmetry numbers of the 
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of metal ligand frequencies, although all of these factors are included in the modeling to the best 
of our ability to estimate them. In addition, hindered rotors and their symmetries can also 
influence such scaling,74 but were not explicitly included here.  In the present study, independent 
scaling factors were needed only for x = 1 with a relative 0, j value of ~27, whereas common 
scaling factors could be used for x = 2 – 4 (Table 2).  In the latter cases, it would appear that all 
physically relevant factors are adequately represented in the approach used here.   
The experimental results in Table 2 were obtained using molecular parameters for the 
298 K free energy GS reactants dissociating to 0 K GS products, as calculated at the B3LYP/6-
311+G(d,p) level in all cases.  This is because the 298 K free energy GS species should represent 
the dominant complexes formed in the thermal ion source, whereas we have shown that 
thresholds obtained using eq 1 are associated with formation of products at 0 K.75  For x = 2 – 4, 
we checked whether using different molecular structures for the Na+Cys(H2O)x complexes and 
their Na+Cys(H2O)x-1 products changed any of the fitting parameters, especially because there are 
multiple structures predicted to be the GS structure by different theoretical methods for x = 2 and 
3. In nearly all cases, values for 0,j, n, and E0,j were nearly unchanged (threshold energy 
differences < 0.02 eV), with the only exception being for x = 4.  Here, dissociation of 
4W[HN,bO,bW]-[CO2] to 3W[bOH]-[CO] gave a lower threshold for Cys loss by 0.09  0.01 
eV compared to formation of 3W[bOH,bS]-[CO].  A factor that did change appreciably in some 
cases was the entropy of activation, S‡, which characterizes the looseness of the transition states 
involved (here the product channel).  For all complexes, the S‡ values for losing water or 
cysteine increase with x, Table 2. No matter what molecular parameters we use, the entropy of 
activation for water loss is much smaller, by 40  70 J/(molK), than for cysteine loss, which 
reflects the constraints on the torsional motions of cysteine when complexed to the sodium cation.   
3.9. Thermodynamic cycles 
For the competitive modeling results, the accuracy of the values can be checked by 
comparing to values obtained using the thermodynamic cycle shown in Fig. 6.  For instance, the 
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E0[Na+Cys(H2O)x  Cys + Na+(H2O)x] = E0[Na+Cys(H2O)x  Na+Cys(H2O)x-1 + H2O] + 
E0[Na+Cys(H2O)x-1  Cys + Na+(H2O)x-1]  E0[Na+(H2O)x  Na+(H2O)x-1 + H2O]                  (5) 
where the first two E0 values on the right of the equation are measured here (except for the x = 0 
value)30,73 and the last elsewhere.30,73  Thus, for any complex, the energy required to lose 
cysteine equals the energy of removing one water, then cysteine from Na+Cys(H2O)x-1, minus the 
energy gained by adding the water back to hydrated Na+.  The results from these calculations are 
listed in Table 3 (Cycle 1) and compared with the threshold values obtained by competitive 
modeling, where good agreement is found in all cases.   
Two other related thermodynamic cycles can also be envisioned.  Cycle 2 is anchored to 
D0(Na+–Cys) and values for loss of Cys from the hydrated complexes are obtained by removing 
all the waters, then losing Cys from Na+Cys, then adding the waters back to bare Na+, eq 6.  
E0[Na+Cys(H2O)x  Na+(H2O)x + Cys] = E0[Na+Cys(H2O)x  Na+Cys + xH2O] +  
 E0[Na+Cys  Na+ + Cys]  E0[Na+(H2O)x  Na+ + xH2O]          (6) 
Alternatively, we can use the value for the largest complex (x = 4) as the anchor point, cycle 3.   
E0[Na+Cys(H2O)x  Na+(H2O)x + Cys] = E0[Na+Cys(H2O)4  Na+(H2O)4 + Cys] +  
  E0[Na+(H2O)4  Na+(H2O)x + (4-x)H2O]   
E0[Na+Cys(H2O)4  Na+Cys(H2O)x + (4-x)H2O]                                  (7) 
These values along with the weighted average of the Na+(H2O)x–Cys bond energies obtained 
from the various thermodynamic cycles and competitive fits (where the uncertainties listed are 
two standard deviations of the mean) are reported in Table 3. These average values are our best 
determinations of this thermochemistry and used throughout the remainder of the paper along 
with bond energies for water loss taken from the competitive E0 results in Table 2.  Overall, these 
comparisons of these various results confirm that the BDEs recommended in the present study 
are self-consistent and compatible with previous work in our laboratory.30,73 
3.10. Conversion of binding energies from 0 to 298 K  
We also convert our experimental 0 K bond energies to 298 K bond enthalpies and free 
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calculated at the B3LYP/6-311+G(d,p) level.  These H298 and G298 values along with the 
conversion factors and the 0 K enthalpies are reported in Table 4. Uncertainties listed include 
variations associated with scaling most vibrational frequencies by ±10% and the metal-ligand 
frequencies by factors of two.  Because theory provides different ground state structures for x = 2 
and 3, the uncertainties also include the range of values obtained by considering all possible 
ground state species as reactants and products.  As above, the use of the RR/HO approximation 
for all modes may be inaccurate because of the very low frequencies associated with torsional 
modes of the water ligands.  
 
4. Discussion  
4.1. Trends in experimental bond dissociation energies 
Our best results for the energies required to remove water and cysteine from 
Na+Cys(H2O)x, x = 1 – 4, are shown in Fig. 7 (competitive analysis thresholds for losing water, 
Table 2, and the weighted average for losing cysteine from Table 3) along with previous 
experimental results for D0(Na+Cys).30 The BDE for losing cysteine is larger than that for 
losing water from each Na+Cys(H2O)x complex, x = 1 – 4, consistent with the qualitative 
dissociation behavior exhibited in Fig. 1.  Similar to the Na+(H2O)x system,73 the BDEs of water 
to sodiated cysteine decrease with increasing number of water molecules because of increasing 
steric effects and decreasing effective charge on the sodium ion. The first and second water 
BDEs to sodiated cysteine (66  9 and 54  8 kJ/mol) are very similar to those of the third and 
fourth water to the sodium cation (70  6 and 55  6 kJ/mol) in the Na+(H2O)x system.73 This 
correspondence implies that the solvation effect of cysteine on a sodium ion is comparable to 
that of two water molecules. Indeed, the BDE of cysteine to sodium ion is 177  5 kJ/mol,30 the 
same as the sum of the BDEs for the first and second water on Na+ (177  10 kJ/mol).73 In 
addition, experimental BDEs of cysteine to Na+(H2O)x also decrease with increasing solvation 
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The experimental binding energy of the fourth water molecule is measured to be 34  7 
kJ/mol, 11 kJ/mol larger than the energy associated with the hydrogen bonding network in pure 
water, 23 kJ/mol.76 This result implies that the fourth water is still binding to a favorable position 
on cysteine or Na+. Indeed, all levels of theory predict the same zwitterionic ground isomer of 
Na+Cys(H2O)4, 4W[HN,bO,bW]-[CO2]-ctgg+, Fig. 5, where one of the water molecules 
hydrogen bonds to NH3+ and Na+ is tetracoordinate with its first solvent shell formed by the 
carbonyl oxygen and the other three water molecules.  One imagines that any additional water 
molecules will hydrogen bond primarily to the water molecules already present, leading to BDEs 
that are somewhat weaker than that of the fourth water ligand bond, while continuing to favor the 
zwitterionic form of cysteine.  The beginnings of such conformations can be seen in the 
4W[bOH,AA]-[CO]-ctgg+, 4W[HN-bW,bO,AD]-[CO2]-cgtg, and 4W[AA-bCO]-[CO2]-ctgg+ 
structures, which lie within 12 kJ/mol of the GS.  Furthermore, the hydration energies measured 
here decrease by 11  1 kJ/mol for addition of each water ligand, such that the fifth water 
molecule is predicted to have a bond energy comparable to that for pure water-water interactions.   
4.2. Comparison of Theoretical and Experimental Bond Dissociation Energies
Previously,39 we performed calculations for Na+(H2O)x, x = 1 – 4, using the same 
procedure outlined above for Na+Cys(H2O)x.  This yields BDEs (in kJ/mol) at the B3LYP, 
B3P86, and MP2 levels of theory of 94.3, 91.0, and 88.9 for x = 1; 82.8, 79.9, and 78.6 for x = 2; 
65.0, 63.0, and 63.5 for x = 3; and 53.0, 50.3, and 53.3 for x = 4. Almost all the calculated values 
agree with experimental values within uncertainties,73 with mean absolute deviations (MADs) of 
2 ± 2, 4 ± 2, and 4 ± 2 kJ/mol, respectively. 
The theoretical BDEs for the Na+Cys(H2O)x complexes calculated at three levels of 
theory are compared to the experimental values in Table 5. We find that the three theoretical 
methods (B3LYP, B3P86, and MP2) yield BDE values for the Na+Cys(H2O)x systems that can 
differ by up to 10 kJ/mol from one another, but overall show reasonable agreement with our 
experimental values, Fig. 7. MADs from experiment are 3 – 4 kJ/mol for losing water and 7 – 8 
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experiment, as also found recently for hydration energies of Zn2+.75  Similar to the Na+(H2O)x 
results, the theoretical values for loss of water generally agree with experiment within 
experimental uncertainty. The calculated BDEs for losing cysteine from the Na+Cys(H2O)x 
complexes also show agreement with the experimental values within the larger experimental 
uncertainties, although have larger MADs compared to the water loss channels.  Comparison of 
the various cycles in Table 3 indicate that Cycle 2 (anchored to Na+Cys), Cycle 3 (anchored to 
the x = 4 value), and the average give the best agreement with theory (with MADs of 6 kJ/mol), 
but only slightly better than the competitive fit or Cycle 1 values.  Overall, the agreement 
between experimental and theoretical BDEs is quite reasonable with both following the same 
trends, Fig. 7.   
4.3. Influence of the Side-chain on the Hydration of Amino Acids 
The experimental BDEs of hydrated Na+Gly38 and Na+Pro39 are compared to those of 
Na+Cys in Fig. 8.  In all three systems, the BDEs for losing the amino acid (AA) from 
Na+AA(H2O)x, x = 0  4, are higher than the BDEs for losing water at each x.  BDEs for losing 
water from Na+Pro(H2O)x are 9  12 kJ/mol lower than the corresponding BDEs for 
Na+Gly(H2O)x system at all x, whereas those for Na+Cys(H2O)x start off as intermediate (x = 1 
and 2) and become slightly larger for x = 3 and 4.  For the smaller complexes, the trends reflect 
the relative binding energies of sodium cations to these three amino acids, Gly < Cys < 
Pro,17,24,30 such that the more tightly bound amino acid binds additional water molecules less 
tightly.  This can also be seen in the bond energies for loss of AA from the complexes of x = 0 – 
2.   
Theoretical calculations show that the ground state structures are nonzwitterionic for 
Na+Gly(H2O)x, x = 0 – 4, zwitterionic for Na+Pro(H2O)x, x = 0 – 4, and evolving for 
Na+Cys(H2O)x, x = 0 – 4. Na+ has bidentate binding to glycine with a [N,CO] configuration, 
bidentate to proline at the CO2 group, and tridentate to cysteine, [N,CO,S]. The first water binds 
directly to Na+ for all three amino acids. Upon addition of a second water, the most favorable 
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to the hydroxyl oxygen,38,39 whereas the [N,CO,S] tridentate structure is essentially isoenergetic 
with this bridging conformation for Cys.  Thus, as waters are added to Na+Gly, the binding site 
changes to chelation at the C terminus of glycine ([COOH] coordination) for x = 2 – 4.38  In the 
Gly system, all water molecules for x = 1 – 4 directly solvate Na+, whereas for the Pro and Cys 
systems, solvation of the protonated amino group become comparable in energy to direct Na+ 
solvation for three and four water molecule systems.  In the Na+Cys(H2O)x system, solvation of 
the hydroxyl group is also possible, whereas the Pro system remains zwitterionic throughout.  
For Na+Cys(H2O)4, the structure where both NH3+ and Na+ sites are solvated becomes the most 
stable configuration for zwitterionic cysteine, and this completes the first solvent shell for 
Na+Cys. A nearly identical structure around Na+ is found for Na+Pro(H2O)4, except the covalent 
N-C bond in Pro is replaced by a NHS hydrogen bond in the Cys complexes.  In both Cys and 
Pro complexes, the four water molecules interact electrostatically and directly with zwitterionic 
Na+AA, whereas additional water molecules are likely to preferentially bind to these inner shell 
water molecules. In the glycine system, zwitterionic isomers in which both charge centers are 
solvated become favorable at about x = 4 (1  10 kJ/mol higher than the GS charge-solvated 
isomer), although until the first solvent shell is completed at five or six water molecules, the 
zwitterion won’t be the clear ground state.38  These comparisons indicate that intramolecular 
solvation provided by the functionalized side-chain allows more facile formation of the 
zwitterionic complex, which then requires a smaller first solvent shell (four waters) for 
stabilization of Na+Cys versus that for Na+Gly (five to six waters) because two additional waters 
are needed to completely solvate the NH3+ group of zwitterionic glycine.  Because of this change, 
the hydration energies for Na+Cys are found to exceed those for Na+Gly and Na+Pro, where there 
is less flexibility in the binding modes.   
 
5. Conclusions
 The kinetic energy dependences of the collision-induced dissociation (CID) of 
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mass spectrometer. The primary process observed in all cases is the loss of water from the 
complex. Sequential losses of water ligands are also observed for x = 2 – 4. The cross sections 
for losing cysteine from the complex are also observed at higher energies for x = 1 – 4 but are 
much less efficient than those for losing water. BDEs at 0 K for losing water from the complexes 
are measured from the threshold behavior and those for losing cysteine are derived from 
competitive modeling and thermodynamic cycles. The resulting experimental results show that 
the sequential binding energies for losing water or cysteine from Na+Cys(H2O)x decrease 
monotonically with increasing x. These trends are explained by increasing ligand-ligand 
repulsion and decreasing effective charge on the sodium ion as water molecules are added to the 
Na+Cys complex.  
Three different levels of quantum chemical calculations including zero point energy 
corrections and basis set superposition errors were performed for Na+Cys(H2O)x, x = 0 – 4. Both 
experiment and calculations find the same general trends in the BDEs with increasing solvation, 
Fig. 7. The calculated BDEs for losing water and cysteine agree with our absolute experimental 
values within experimental uncertainties, although values for loss of Cys from x = 3 and 4 are 
towards the upper limits of experiment.  
 In the Na+Cys complex, theory indicates that the sodium ion prefers to bind in a tridentate 
configuration to the carbonyl and amino group of the backbone and the thiol side-chain, 
([N,CO,S] coordination).30 The first and second water can attach directly to the sodium ion 
without influencing the cysteine binding conformation; however, at x = 2, DFT calculations 
suggest that it is isoenergetic for Na+ to bind to the carbonyl with one of the water molecules 
bridging to the hydroxyl oxygen, Fig. 3. For x = 3, there are multiple isomers lying sufficiently 
low in energy that they could be populated in our experiment, which emphasizes that the third 
water can bind to Na+, –NH3+, or –OH with nearly equal facility. For x = 4, the unique GS 
structure has a completely solvated tetracoordinate Na+ and solvated –NH3+ group.  Structures of 
this complex in which a water molecule binds to two inner shell water molecules to begin to 
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When comparing Na+Cys(H2O)x, x = 1 – 4, to the analogous glycine and proline 
systems,38,39 we find that the BDEs for losing water are similar (within about 10 kJ/mol) but 
inversely track with the binding energy of Na+ to the amino acid.  The GS structures for 
Na+Cys(H2O)4 and Na+Pro(H2O)4 are very similar, which demonstrates that the strong hydrogen 
bond between the protonated amino group and the thiol side-chain provides strong 
intramolecular solvation of the –NH3+ charge site in zwitterionic Na+Cys.  Thus, the first 
hydration shells of Na+Cys and Na+Pro are complete with four water molecules and the amino 
acids in both species are zwitterionic.  It seems likely that other amino acids with functionalized 
side chains should exhibit similar trends.   
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Table 1. Relative theoretical 0 K enthalpies (298 K free energies) in kJ/mol of Na+Cys(H2O)x a 
complex Structure B3LYP B3P86 MP2(full) 
Na+Cys [N,CO,S]-tggg+ 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
 [N,CO,S]-tggg– 4.6 (4.4) 3.4 (3.2) 4.1 (3.9) 
 [CO2]-ctgg+  11.1 (9.3) 7.1 (5.2) 11.6 (9.8) 
 [N,CO]-tcgg 15.3 (13.2) 14.4 (12.2) 16.4 (14.3) 
 [N,OH,S]-tggg+ 30.6 31.9 27.2 
 TS[CO2/COOH]-ctgg+ 26.4 17.2 27.5 
 [COOH]-ctgg+ 27.4 22.8 28.4 
 [CO,S]-ctgt 23.7 21.5 31.6 
Na+Cys(H2O) 1W[N,CO,S]-tggg+ 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
 1W[N,CO,S]-tggg   3.2 (3.6) 3.5 (3.9) 4.6 (5.0) 
 1W[CO2]-ctgg+   8.9 (6.1) 4.9 (2.1) 11.9 (9.1) 
 1W[N,CO]-tcgg  10.0 (7.5) 9.8 (7.3) 13.2 (10.8) 
 1W[N,CO]-tgtg   13.0 (11.9) 12.6 (11.5) 17.0 (15.9) 
 1W[bO]-[CO2]-ctgg+  15.6 (23.4) 9.2 (16.9) 17.9 (25.6) 
 1W[HO]-[N,CO,S]-tggg+   18.1 (23.9) 13.4 (19.2) 18.9 (24.7) 
 1W[COOH]-ctgg+   17.7 (13.6) 13.7 (9.5) 21.8 (17.6) 
 TS-1W[CO2/COOH]-ctgg+   19.3 (16.7) 10.3 (7.7) 23.1 (20.5) 
 1W[bCO]-[CO2]-ctgg+   21.4 (28.0) 15.4 (22.0) 23.3 (29.9) 
 1W[bOH]-[CO]-ctgg+  22.8 (27.9) 17.4 (22.6) 26.0 (31.1) 
 1W[HN]-[CO2]-ctgg+   29.1 (30.5) 21.8 (23.2) 28.8 (30.1) 
Na+Cys(H2O)2 2W[N,CO,S]-tggg+   0.0 (0.0) 5.9 (3.4) 0.0 (0.0) 
 2W[N,CO,S]-tggg  6.0 (6.7) 9.9 (8.1) 5.3 (6.0) 
 2W[HO]-[N,CO,S]-tggg+   0.7 (2.7) 2.6 (2.1) 6.1 (8.0) 
2W[bO]-[CO2]-ctgg+  0.0 (3.7) 0.0 (1.2) 8.3 (12.0) 
 2W[N,CO]-tcgg  3.5 (4.9) 9.8 (8.7) 9.8 (11.2) 
 2W[bOH]-[CO]-ctgg+   1.9 (2.4) 3.3 (1.4) 11.1 (11.7) 
 2W[bOH]-[CO]-ctgg   1.9 (0.4) 4.0 (0.0) 11.3 (9.8) 
 2W[bCO]-[CO2]-ctgg+  6.3 (9.0) 6.6 (6.8) 14.4 (17.1) 
 TS-2W[bO/bOH]-[CO2/CO]-ctgg+  6.0 (9.9) 1.9 (3.4) 14.8 (18.7) 
 2W[HN]-[CO2]-ctgg+  8.6 (4.1) 7.8 (0.8) 15.3 (10.8) 
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a Structures optimized at the B3LYP/6-311+G(d,p) level and all single point energies are 
calculated using the 6-311+G(2d,2p) basis set and the indicated level of theory.  Ground state 
species at 0 and 298 K are indicated by bold face.    
Table 1. continued 
complex Structure B3LYP B3P86 MP2(full) 
Na+Cys(H2O)3 3W[bOH,bS]-[CO]-ctgt 0.0 (9.4) 3.0 (9.1) 0.0 (6.2)
 3W[HO,bCO]-[N,CO,S]-tggg+ 4.6 (6.6) 7.7 (6.4) 1.2 (0.0) 
 3W[bOH]-[CO]-ctgg+ 0.6 (0.0) 3.9 (0.0) 4.4 (0.6) 
 3W[HN,bO]-[CO2]-ctgg+ 1.6 (5.9) 0.0 (1.0) 5.9 (7.0) 
 3W[bO,bW]-[CO2]-ctgg+   4.9 (15.0) 5.4 (12.2) 7.2 (14.1) 
 3W[bS,bCO,bW]-[N,CO]-tggg+  12.2 (21.9) 18.4 (24.8) 7.4 (13.9) 
 3W[bS,bCO,bW]-[N,CO]-tggt   15.8 (25.0) 21.6 (27.4) 8.0 (13.9) 
 3W[HO,bS]-[N,CO]-tggg+  7.0 (13.0) 9.7 (12.4) 8.6 (11.4) 
 3W[bOH]-[CO]-cgtg  4.4 (6.1) 8.7 (7.1) 9.8 (8.2) 




9.1 (17.6) 5.7 (11.0) 11.6 (16.9) 
Na+Cys(H2O)4 4W[HN,bO,bW]-[CO2]-ctgg+  0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
 4W[bOH,AA]-[CO]-ctgg+  0.2 (2.5) 3.4 (5.7) 2.0 (4.3) 
 4W[HN-bW,bO,AD]-[CO2]-cgtg 9.7 (20.5) 7.9 (18.7) 4.1 (15.0) 
 4W[HO,bS,bCO,bW]-[N,CO]-tggg+ 11.3 (15.7) 15.8 (20.2) 4.8 (9.2) 
 4W[HN,bO,bW]-[CO2]-cgtg   4.4 (4.3) 5.1 (4.9) 5.8 (5.7) 
 4W[HN-bOr,bO,bWr]-[CO2]-cgtg    9.2 (14.0) 10.2 (15.0) 6.1 (10.9) 
 4W[HN-bOf,bO,bWf]-[CO2]-cgtg  9.1 (13.3) 9.8 (13.9) 6.4 (10.6) 
 4W[bOH,AA]-[CO]-cgtg  4.3 (6.2) 7.4 (9.3) 6.8 (8.6) 
 4W[HN,bO,bW]-[CO2]-ctgg   5.9 (5.6) 6.3 (5.9) 7.5 (7.1) 
 4W[bO,AA]-[CO2]-ctgg+   6.6 (10.6) 7.7 (11.7) 7.5 (11.5) 
 4W[bS,bCO,bHN,bW]-[N,CO]-tggg+     23.0 (33.6) 27.8 (38.4) 7.8 (18.5) 
 4W[HN-bW,bO,AD]-[CO2]-cgtg+  13.8 (23.5) 12.3 (22.0) 8.5 (18.2) 
 4W[HN-bS,bO,bW]-[CO2]-cgtg  10.7 (12.2) 10.7 (12.3) 8.9 (10.4) 
 4W[bS,bOH,AD]-[CO]-ctgt   11.3 (19.8) 13.7 (22.1) 9.0 (17.4) 




8.1 (13.2) 5.5 (10.5) 9.5 (14.6) 
 4W[HN,bO,bW]-[CO2]-cgtt  7.7 (6.3) 8.6 (7.3) 9.8 (8.4) 
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Table 2. Fitting parameters for eq 1 and entropies of activation at 1000 Ka





Na+Cysc Na+ 1 28 (8) 1.6 (0.3) 1.86 (0.14) 44 (2) 
Na+Cys(H2O) 
Na+Cys 0.5 54 (5) 
0.9 (0.1) 
0.69 (0.09) -12 (14) 
Na+(H2O) 0.5 2 (1) 1.42 (0.13) 23 (34) 
Na+Cys(H2O)2 
Na+Cys(H2O) 0.5 
97 (4) 0.9 (0.1) 
0.56 (0.08) 18 (4) 
Na+(H2O)2 0.5 1.05 (0.10) 64 (9) 
Na+Cys(H2O)3 
Na+Cys(H2O)2 0.5 
117 (6) 1.0 (0.1) 
0.46 (0.07) 27 (23) 
Na+(H2O)3 0.33 0.82 (0.11) 90 (20) 
Na+Cys(H2O)4 
Na+Cys(H2O)3 0.5 
63 (5) 1.2 (0.1) 
0.35 (0.07) 35 (18) 
Na+(H2O)4 0.25 0.68 (0.18) 109 (24) 
a Uncertainties are listed in parentheses.  b Reaction degeneracy: defined as the ratio of rotational 
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Table 3. Summary of energies (kJ/mol) for losing cysteine from Na+Cys(H2O)x   
Reactant Competitive Fita Cycle 1b Cycle 2c Cycle 3d Averagee 
Na+Cys  177 (5) 177 (5) 169 (27) 177 (10) 
Na+Cys(H2O) 137 (13) 148 (13) 148 (13) 140 (24) 144 (14) 
Na+Cys(H2O)2 101 (10) 109 (16) 120 (16) 112 (21) 107 (14) 
Na+Cys(H2O)3 79 (11) 75 (14) 94 (19) 86 (19) 81 (14) 
Na+Cys(H2O)4 65 (17) 58 (14) 73 (21) 65 (17) 64 (17) 
MADf 8 (5) 10 (8) 6 (5) 6 (4) 6 (5) 
a Values from competitive modeling results in Table 2. 
b Obtained from losing only single ligands, as described in the text, eq 5.   
c Using D0(Na+Cys) (in bold) as the reference value, eq 6. 
d Using D0(Na+(H2O)4Cys) (in bold) as the reference value, eq 7. 
e Weighted average of all four values.  Uncertainties are two standard deviations of the mean. 
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Table 4. Enthalpies and free energies of H2O and cysteine binding energies (kJ/mol) for 
Na+Cys(H2O)x (x = 0 – 4) at 0 and 298 Ka  
Complex Ionic Product  H0a H298 H0b H298 TS298b G298 
Na+Cys Na+ 177 (5) 1.6 (2.8) 179 (6) 33.8 (7.4) 145 (9) 
Na+Cys(H2O) 
Na+Cys 66 (9) -0.2 (0.5 66 (9) 26.9 (5.8) 39 (11) 
Na+(H2O) 144 (14) -2.3 (0.4) 142 (14) 33.2 (6.0) 109 (15) 
Na+Cys(H2O)2 
Na+Cys(H2O) 54 (8) 1.4 (2.2) 55 (8) 37.7 (7.8) 18 (11) 
Na+(H2O)2 107 (14) 0.1 (2.3) 107 (14) 48.2 (9.3) 59 (17) 
Na+Cys(H2O)3 
Na+Cys(H2O)2 44 (7) 1.4 (4.2) 45 (8) 35.0 (14.7) 10 (17) 
Na+(H2O)3 81 (14) -0.8 (2.5) 80 (14) 47.6 (14.2) 33 (20) 
Na+Cys(H2O)4 
Na+Cys(H2O)3 34 (7) 3.1 (1.4) 37 (7) 41.4 (8.6) -4 (11) 
Na+(H2O)4 64 (17) 1.8 (1.0) 66 (17) 55.3 (6.9) 11 (18) 
a Experimental values from this work (Tables 2 and 3).  Uncertainties in parentheses. 
b Values were computed using standard formulas and molecular constants calculated at the 
B3LYP/6-311+G(d,p) level. Uncertainties include 10% variations in the vibrational frequencies of 
the ligands and two-fold variations in the metal ligand-frequencies.  Uncertainties also include 
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Table 5. Experimental and theoretical H2O and cysteine binding energies (kJ/mol) for 
Na+Cys(H2O)x at 0 Ka  
   Theory 
Complex Ionic Product  Experiment B3LYP B3P86 MP2(full) 
Na+Cys Na+ 177 (5) b 179.6 170.2 165.8 
Na+Cys(H2O) 
Na+Cys 66 (9) c 65.5 63.2 64.7 
Na+(H2O) 144 (14) d 149.2 141.9 142.7 
Na+Cys(H2O)2 
Na+Cys(H2O) 54 (8) c 45.1 49.1 48.4 
Na+(H2O)2 107 (14) d 110.4 108.9 109.6 
Na+Cys(H2O)3 
Na+Cys(H2O)2 44 (7) c 45.2 43.8 42.2 
Na+(H2O)3 81 (14) d 92.2 92.9 94.0 
Na+Cys(H2O)4 
Na+Cys(H2O)3 34 (7) c 38.7 40.5 35.3 
Na+(H2O)4 64 (17) d 77.2 82.5 72.3 
MADe 
 H2O  4 (4) 4 (3) 3 (2) 
 Cys  7 (5) 8 (7) 7 (5) 
 
a Energies calculated at the level indicated using the 6-311+G(2d,2p) basis set and B3LYP/6-
311+G(d,p) geometries and vibrational frequencies. Zero point energies and BSSE corrections 
are included for all values.  b Ref. 30.  c From competitive fitting in Table 2.  d Weighted average 
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Fig. 1. Zero pressure extrapolated cross sections for CID of Na+CysWx for x = 1 – 4 (parts a – d, 
respectively) where W = H2O with Xe as a function of kinetic energy in the center-of-mass and 
laboratory frame. The solid lines show the model cross section convoluted over the neutral and 
ion kinetic and internal energies. The dashed lines show the model cross sections in the absence 
of experimental energy broadening for reactants with an internal energy of 0 K. 
Fig. 2. Optimized structures of Na+Cys(H2O) calculated at the B3LYP/6-311+G(d,p) level of 
theory.  Relative 0 K energies in kJ/mol from single point energy calculations including zero 
point energies taken from Table 1 are indicated.  Hydrogen bond lengths in Ångstroms are 
shown.  (H – white; C – grey; N – blue; O – red; Na – purple; S – yellow) 
Fig. 3. Optimized structures of Na+Cys(H2O)2 calculated at the B3LYP/6-311+G(d,p) level of 
theory.  Relative 0 K energies in kJ/mol from single point energy calculations including zero 
point energies taken from Table 1 are indicated. Hydrogen bond lengths in Ångstroms are shown.  
(H – white; C – grey; N – blue; O – red; Na – purple; S – yellow) 
 
Fig. 4. Optimized structures of Na+Cys(H2O)3 calculated at the B3LYP/6-311+G(d,p) level of 
theory.  Relative 0 K energies in kJ/mol from single point energy calculations including zero 
point energies taken from Table 1 are indicated. Hydrogen bond lengths in Ångstroms are shown.  
(H – white; C – grey; N – blue; O – red; Na – purple; S – yellow)
Fig. 5. Optimized structures of Na+Cys(H2O)4 calculated at the B3LYP/6-311+G(d,p) level of 
theory.  Relative 0 K energies in kJ/mol from single point energy calculations including zero 
point energies taken from Table 1 are indicated. Hydrogen bond lengths in Ångstroms are shown.  
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Fig. 6. Thermodynamic cycle for loss of Cys and H2O from Na+Cys(H2O)x, x = 1 – 4.  All values 
in kJ/mol.  Values for loss of Cys and H2O from Na+Cys(H2O)x are taken from the competitive 
fits of experimental data in Table 2.  Values for loss of H2O from Na+(H2O)x are from Ref. 73. 
Fig. 7. Comparison of experimental (black open symbols) and theoretical (closed symbols: blue 
inverted triangles, B3LYP; green diamonds, B3P86; red triangles, MP2) 0 K BDE values in 
kJ/mol for loss of Cys (upper values) and water (lower values) from Na+Cys(H2O)x as a function 
of x, where x = 0 – 4.  Values are from Table 5. 
 
Fig. 8. Comparison of the 0 K BDEs (kJ/mol) for loss of the amino acid (AA) and water from 
Na+AA(H2O)x as a function of x, where x = 0 – 4 and AA = Cys (red circles, present data from 
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3W[bOH,bS]-[CO]-ctgt, 0-3 3W[bOH]-[CO]-ctgg+, 0-4 3W[HN,bO]-[CO2]-ctgg+, 0-6 
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177  5  Figure 6 
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x = number of waters, Na+AA(H2O)x



























x = number of waters, Na+Cys(H2O)x
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